Attorney Docket No. 944-1.57 



United States Patent Application 



of 



FU 



Jari Syr j arinne 
and 
Harri Valio 



for a 



METHOD AND APPARATUS FOR SAVING POWER 
IN A GLOBAL POSITIONING SYSTEM RECEIVER 



METHOD AND APPARATUS FOR SAVING POWER 
IN A GLOBAL POSITIONING SYSTEM RECEIVER 



Cross-reference to Related Applications 

The following applications are owned by the assignee of the 
5 present application and are hereby incorporated by reference in 

their entirety. 

U.S. application serial no. 09/444,584 entitled 
Multiple Model Navigation Filter for Hybrid Positioning, 
H filed Nov. 22, 1999, and having attorney docket no. 944- 

10q 1.11 (NC 24828); and 

H 

(P U.S. application serial no. 09/864,080 entitled Two- 

f\ Stage Interacting Multiple Models Filter, filed May 23, 

yg 2001, and having attorney docket no. 944-1.48 (NC 32860). 



ft; Field of the Invention 

L 1 

lSjpy The invention relates to positioning systems, such as the 

f? well known global positioning system, and more particularly to 
power consumption in receivers of signals transmitted by 
reference elements of such positioning systems, such as the 
satellites of the global positioning system. 

2 0 Background of the Invention 

In satellite positioning systems (such as the global 
positioning system or GPS) , the position of a receiver (user) 
and its time offset from the system time (i.e. the correction to 
the receiver time at which the receiver is determined to be at 
25 the determined position) can be determined by using 

(pseudorange) measurements obtained from information 
(ephemerides and C/A-code phases) provided from at least four 
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satellites. Such a determination can use satellite measurements 
at a particular instant of time, in what is called a single- 
point solution, a solution that in no way takes into account 
past information obtained from the satellites; any error in the 
5 measurements obtained from the satellites, including error from 

noise or multi-path, is reflected in such a single-point 
solution. 

Filtering with a Kalman filter (or some modification of 
such a filter) can instead be used to enhance the quality of the 
10 receiver's estimated track (by providing smoother, less noisy 

* n solutions than are provided by a single-point solution) , and 
0 also to provide useable solutions in periods when satellite 
p measurements are not available (because of poor signal 
N- conditions) . The performance of any such filter is dependent on 

f: i i 

157*1 how the receiver ' s motion is modeled in the filter. 

y s Usually, instead of using an ordinary Kalman filter, what 

jjU is called an extended Kalman filter (EKF) , which is a linearized 
Ill form of Kalman filter, is used, because a standard Kalman filter 
w assumes that the measurement update equations are linear, and 
2 0 for positioning problems the measurement update equations, which 

involve the pseudoranges, are nonlinear. For a (standard) 
Kalman filter to be used, there has to be a linear relationship 
between the measurement vector m and state vector s , such that 
m = H-s, where H is some matrix. In GPS positioning, if the 
25 state vector is for example of the form [x y z t] , where (x,y,z) 

indicates position and t represents clock bias, there is no such 
linear equation between pseudorange measurements and state. 
Instead, the i th component of the measurement vector (i.e. the 
pseudorange from the i th satellite) , is given by 

30 m{i) = Vfo - *)* + - yf + -zf +At , 



-2- 



(where At is a clock error/ bias term) which is obviously not a 
linear relationship. In an EKF, to be able to still use a 
Kalman type filter in an application where such a nonlinear 
relationship exists, the nonlinear relationship is approximated 
5 by a linear relationship by forming a truncated Taylor series of 

the nonlinear equation and taking the first, linear term of the 
series. In practice, this means that the H matrix in the 
equation m-H-s is approximated by the so-called Jacobian 
(known in the art) of the pseudorange equations. 

10, z Thus, in an EKF, a standard Kalman filter (for linear 

0 systems) is applied to nonlinear systems (with additive white 

r? noise) by continually updating a linearization around a previous 

01 state estimate, starting with an initial guess. In other words, 
J s l a linear Taylor series approximation (no nonlinear terms) of the 

15yQ system function at the previous state estimate is made, and a 

L !; linear Taylor series approximation of the observation function 

FU at the corresponding predicted position. Such an approach 

"f%j yields a relatively simple and efficient algorithm for handling 

y a nonlinear model, but convergence to a reasonable estimate 

2 0" depends to a great extent on the accuracy of the initial guess 

at the desired position; the algorithm may not converge if the 
initial guess is poor or if disturbances to the motion are so 
large that linearization is inadequate to describe the system. 

The prior art also teaches using what is called the 
25 interacting multiple model (IMM) solution, in which various 

multiple models are assumed for the motion of the receiver 
(modules assuming slow turning, fast turning, slow accelerating, 
fast accelerating, and so on) , and the outputs of the different 
models are combined based on weights that take into account how 

3 0 the predictions of the model agree with later measurements made 

on the basis of later information received from the satellites. 
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In such an approach, each model (branch of the I MM solution) is 
implemented as an EKF. 

GPS satellites broadcast navigation data (including their 
ephemerides and health information) using a direct sequence 
5 spread spectrum signal. Doing so allows all of the satellites 

to share the same frequency spectrum. Each satellite modulates 
the same carrier frequency with a pseudorandom number (PRN) code 
(via binary phase shift key modulation) as well as with the 
navigation data for the satellite. A GPS receiver must acquire 
10 and track the signal from a GPS satellite in order to read the 

iy ; navigation data from the satellite. The acquisition and 
tracking of a GPS signal for a particular one of the GPS 

Ion! 

N: satellites amounts to synchronizing the received PRN code for 
f' the GPS satellite (obtained from the received signal after 
lSfij removing the carrier frequency) with a replica of the PRN code 
generated by the GPS receiver. A correlator determines at what 
M ! relative position the replica PRN code is in phase with the 
!f received PRN code. 

p;[ When a GPS receiver is integrated into a mobile phone, 

20H power consumption by the mobile phone is significantly 
increased. Since only a limited reservoir of power is 
available, every module inside a mobile phone should consume as 
little power as possible. Besides a GPS module and the required 
cellular transceiver module, examples of modules that could be 
25 included in a mobile phone are a so-called BlueTooth receiver 

module, a WLAN (wireless local area network) module, and a 
camera module. 

There are many ways to reduce power- consumption of a mobile 
phone having component modules, such as miniaturizing the 
3 0 component modules, selecting more power-efficient component 

modules, and shutting down (temporarily) a component module 
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partially (i.e. shutting down some parts of the component 
module) or completely (shutting down the component module 
entirely) . Of course a partial or complete shutdown of a 
component module is possible only if an acceptable level of 
5 service can still be provided by the affected component module. 

What is needed is a way to reduce power consumption by a 
GPS receiver without significantly degrading performance of the 
GPS receiver positioning function. Such a way to reduce power 
consumption would be especially advantageous in case of a GPS 
10 receiver operating as a component of a mobile phone. 



o 



Summary Of The Invention 



(B Accordingly, a first aspect of the invention provides a 

[^J method for conserving power in a positioning system receiver 
J3 used in connection with a positioning system providing ranging 
15j\ signals, the receiver using the ranging signals to determine a 
fly state of motion of the receiver, the method including: a step of 
performing at least a predetermined number of solutions of the 
state of motion of the receiver using a filter solution based on 
a mix of models of the motion of the receiver, a mix that is 

2 0 varied from one solution to the next according to a 

predetermined criteria, and of providing the model mix used in 
each solution; and a step of adopting a partial duty cycle 
indicating a percentage of time selected receiver components are 
powered on, based on the mix of models used in successive 
25 solutions. 

In accord with the first aspect of the invention, the 
receiver may include a radiof requency (RF) front end module and 
a baseband processor module and the selected components may 
include the RF front end module. Further, the selected 

3 0 components may also include the baseband processor module. 



-5- 



In a second aspect of the invention, an apparatus is 
provided for conserving power in a positioning system receiver 
used in connection with a positioning system issuing ranging 
signals, the receiver using the ranging signals to determine a 
5 state of motion of the receiver, the apparatus including: means 

for performing at least a predetermined number of solutions of 
the state of motion of the receiver using a filter solution 
based on a mix of models of the motion of the receiver that are 
varied from one solution to the next according to a 
10 predetermined criteria, and for providing the model mix used in 

each solution; and means for determining a partial duty cycle 
JJ^ indicating a percentage of time selected receiver components are 
p powered on, based on the mix of models used in successive 
l! solutions. 

15iH In accord with the second aspect of the invention, the 

J! receiver may include a radiof requency (RF) front end module and 
jf, a baseband processor module and the selected components may 
flj include the RF front end module. Further, the selected 

components may also include the baseband processor module. 

§ y 

20|*f In a third aspect of the invention, a system is provided, 

including: a transmitter for transmitting a ranging signal, and 
a ranging receiver for receiving the ranging signal and for 
determining a state of motion of the ranging receiver, the 
ranging receiver characterized in that it includes an apparatus 

25 for conserving power that in turn includes: means for performing 

at least a predetermined number of solutions of the state of 
motion of the ranging receiver using a filter solution based on 
a mix of models of the motion of the ranging receiver that are 
varied from one solution to the next according to a 

30 predetermined criteria, and for providing the model mix used in 

each solution; and means for determining a partial duty cycle 
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indicating a percentage of time selected ranging receiver 
components are powered on, based on the mix of models used in 
successive solutions. 

In accord with the third aspect of the invention, the 
5 system may also include a computing resource external to the 

ranging receiver, and the apparatus may communicate information 
to the computing facility via a wireless communication system 
and the computing facility may use the information in assisting 
the apparatus in performing at least a predetermined number of 
10 solutions of the state of motion of the ranging receiver using a 

1^ filter solution based on a mix of models of the motion of the 
ranging receiver that are varied from one solution to the next 
according to a predetermined criteria. 

By allowing some component of a ranging receiver (i.e. the 
15W receiver front end and baseband processing module) to be turned 
on and off during operation of the ranging receiver, the 
invention allows substantial savings in power compared to what 
y, is provided by the prior art, which does not teach turning on 
2f and off components of a ranging receiver. The savings can 
20iu amount to a reduction in power used by the components turned on 
and off for example in some embodiments by as much as a factor 
of from two to fifty. For example, a ranging receiver using the 
invention can have its receiver front end and baseband 
processing module powered on only 3 00 ms out of every other 
25 second, for a reduction in power by a factor of six (2000 ms/ 

3 00 ms) , or the selected receiver components could be turned on 
only every 100 ms every five seconds, for a reduction in power 
of a factor of 50 (5000 ms/ 100 ms) . 
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Brief Description of the Drawings 



The above and other objects, features and advantages of the 
invention will become apparent from a consideration of the 
subsequent detailed description presented in connection with 
5 accompanying drawings, in which: 

Fig. 1 is a block diagram of a GPS receiver according to 
the invention; 

Fig. 2 is a flow chart illustrating Interacting Multiple 
Model (IMM) control logic; and 

10^! Fig. 3 is a flowchart indicating GPS receiver operation 

p according to the invention. 

f! Best Mode For Carr ying Out The Invention 

yg The invention is described below in the context of a global 

s positioning system (GPS) receiver embedded in a mobile phone. 

15pjj It should be understood however, that the invention is of use in 

^ case of any positioning system based on beacons providing 

p ranging signals useful in positioning or otherwise estimating 

pK the state of motion of a receiver of the ranging signals, 

including for example land-based beacons such as cellular base 

20 stations. 

The invention provides a method and corresponding apparatus 
for reducing the power consumed by a GPS receiver without 
significantly degrading the performance of the GPS receiver. 
The invention is based on periodically shutting down a GPS 
25 receiver's low-level hardware used to acquire, track, and 

process ranging signals from the GPS satellites (including 
extracting navigation data and pseudorange information from the 
ranging signals), and estimating the user's position, velocity 
and time (PVT) using a motion-modeling filter, such as the 
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Interacting Multiple Models (IMM) filter, to provide PVT 
solutions both during shut-down and during power-on, which can 
then provide acceptably accurate PVT solutions even during shut- 
down. The estimated PVT solutions are used not only for 
5 providing continuous position information for the user, but also 

for speeding up GPS satellite signal reacquisition by using the 
estimated PVT as the basis for very accurate initial estimates 
of code and carrier phase . 

Referring now to Fig. 1, a GPS receiver 10 that can be 
10 adapted to implement the invention is shown as including an 

£ antenna 12 coupled to a GPS radiof requency (RF) front end 11 for 

Q acquiring GPS satellite signals, a baseband processor 14 for 

y. 

Ji: closing the signal tracking loops, for extracting from the 
received signal navigation data and what is here called, 
15^ collectively, pseudorange information, including coarse 
s acquisition (C/A) code phase measurements, residual Doppler 
jJ'J frequency measurements and/or integrated carrier phase 
H measurements (in good signal conditions) , and also for 

controlling the RF front end, and a micro controller unit (MCU) 

2 0H s 15 containing the position calculation functionality (including 

functionality for PRN code phase and carrier frequency 
prediction calculations based on the estimated PVT) . The GPS RF 
front end 11 and the baseband processor 14 are required in order 
to make pseudorange measurements, the baseband processor 
25 providing raw pseudorange measurements (the pseudorange 

information described above) , which are used by the MCU 15 to 
provide actual pseudoranges . The pseudoranges in turn are used 
by the MCU in determining the PVT solution. The baseband 
processor provides the data it extracts from the received 

3 0 signals (pseudorange information and navigation data) to the MCU 

via a memory 16, i.e. the baseband processor writes the 
information to the memory 16, and the MCU reads the information 
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from the memory, as needed. (The information can be sent also 
as a message, and in that case no special memory is needed.) 
Finally, the GPS receiver includes a power control module 18 
that determines the fraction of time to shut down the RF front 
5 end and the fraction of time to shut down the baseband processor 

based on monitoring the model mix used by the MCU (which is 
provided to the power control module by the MCU) . The operation 
of the power control module 18 is described in more detail below 
in connection with Fig. 3. 

10 A typical GPS receiver performs a position calculation once 

% each second, i.e. at a rate of 1 Hz . To provide acceptable 

Q pseudorange measurements for a position calculation typically 

J requires from 2 00 to 4 00 ms of operation by the baseband 

U processor and RF baseband processor. In principle, this means, 

hi 

15';^ that the GPS RF front end and the baseband processor of a 

* typical GPS receiver could be powered off for a period ranging 

Lj from 600 to 800 ms out of every second of operation without 

H having any effect on the quality of the position determination 

g provided by the GPS receiver. 

2 0' Ideally, in order to power off the RF front end and 

baseband processor, the GPS receiver should have the current 
navigation data in the memory 16 (and the MCU control logic 
should be able to provide the baseband processor 14 with good 
initial tracking loop values for quick signal reacquisition) . 
25 The better the position and current GPS time maintained in the 

MCU (via the IMM-based PVT solution) , the better the initial 
values the MCU can provide as inputs to the tracking loop, the 
longer the power down period can be, and the shorter the 
measurement period can be. Using an IMM-based PVT solution, the 

3 0 savings in power consumption can be significant, since most of 

the GPS RF components and the baseband processor can be powered 
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off during the power down period, and the power consumption by 
these components is significant. 

The key issue in tracking loop initialization is the 
quality of the estimated position. The use of an IMM filter 
5 makes it possible to model the motion of the user more 

accurately than would be possible using a standard Kalman filter 
or a simple point-wise solution (i.e. a solution that does not 
take into account other than a current pseudorange measurement) . 

The principle of the IMM approach to providing PVT 
10 solutions is described in U.S. application serial no. 09/444,584 

H entitled Multiple Model Navigation Filter for Hybrid 
n Positioning, filed Nov. 22, 1999, (incorporated by reference 

J ; above) . A motion model is a presumption of how the user's 

yl 

y : motion can best be modeled. Referring to Fig. 1 again, an MCU 

15Wf 15 hosting control logic that implements an IMM-based PVT 

, solution includes a database 15a of motion models, called a 

ff; model bank, an extended Kalman filter (EKF) state estimator 15b, 

'"A 5 
S fcf 

L4 and a model selector 15c (an underlying Markov chain) for 
jlf selecting one or another of the motion models and for 

20L& controlling the overall model combination, i.e. the way that the 
predictions of tracks according to different models are 
combined. The models of the model bank 15a may vary greatly 
from each other, i.e. some might model time -dependent non-linear 
maneuvers and others might model simple uniform linear motion. 

25 The Markov chain (model selector) 15c is defined by a fixed and 

pre-determined probability transition matrix M. Although only a 
single EKF state estimator is shown in Fig. 1, if multiple 
tracks are combined for a segment of motion of the receiver, 
sometimes a different EKF estimator will be used for each model. 

3 0 For each motion model used in an IMM solution, a quality of 

fit value is calculated from a weighted sum of the solution 
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provided by each model with the weighting based on a measurement 
residual for each model indicating the closeness of the solution 
provided by the model (i.e. the state predicted by the model) to 
the measured state. The closer the measurement (that is, the 
smaller the residual) , the better the model fits the actual 
motion and the greater is its contribution. The model -wise 
quality of fit values are here called model likelihoods . They 
are calculated by the EKF state estimator 15b and provided to 
the model selector 15c, as indicated in Fig. 1. 

Referring now to Fig. 2, a flow diagram of I MM is shown, 
indicating that the GPS receiver 10 (Fig. 1) is able to use a 
combination of one or more selected models for any given segment 
of motion. Fig. 2 illustrates mixing only two models, based on 
a mixing parameter ju(k) , although in principle any number of 
models can be mixed. In case of for example two models, as 
shown in Fig. 2, two different EKF filters can be used, each 
providing a state estimate according to its model. Sometimes, 
however, a single EKF filter is used to provide a state estimate 
for each model in turn. 

In an exemplary application of the invention, a pedestrian 
can be standing in one location for a relatively long time. In 
such a situation, the static model of the I MM filter (i.e. a 
model assuming a null user velocity) is the most appropriate 
model and is in fact particularly appropriate, and so the 
shutdown time for all or some of the low- level hardware of the 
receiver can be as long as up to two or three seconds. In such 
a shutdown period, it is highly unlikely that the pedestrian 
will move far from the pedestrian's location at the beginning of 
the shutdown period. Once motion is detected (i.e. the 
probability of the constant velocity model or acceleration model 
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becomes dominant) , the power-on time can be extended to for 
example one half a second. 

As another example, in case of the use of a GPS receiver in 
a moving car, if the receiver is detected to move with constant 
5 velocity, the estimation of the predicted code and carrier phase 

becomes very reliable (just as in the static case) . Therefore, 
once a constant velocity is detected, the shutdown period can be 
made suitably long, and only reduced when a positive or negative 
acceleration is detected. 

10 Referring now to Fig. 3 and also to Fig. 1, a flowchart 

y s illustrating aspects of GPS receiver operation according to the 
y invention is shown as including a first step 31 in which the GPS 
U: receiver acquires the ranging signals of a suitable number of 
r; GPS satellites and then initiates tracking (making fine 
15iUj adjustments to the carrier frequency and code phase for each of 
^ the acquired satellite signals) . In a next step 32, the GPS 
H receiver performs a PVT solution using the I MM procedure (as set 

out e.g. in Fig. 2) . The MCU 15 of the GPS receiver continues 
flj providing PVT solutions, and the power control module 18 counts 
2 Op; the number of PVT solutions thus provided. The power control 
module also keeps track of the model mix being used by the MCU 
(based on information it receives from the MCU during each PVT 
solution, as indicated in Fig. 1). In a next, decision step 33, 
with each PVT solution, the MCU determines whether the MCU has 
25 provided at least a predetermined number of PVT solutions (for 

example three) since the MCU last issued a power adjustment 
command, and if so, in a followup decision step 34, the MCU 
determines whether the model mix used in determining the PVT 
solutions has varied either too much (above an upper threshold) 
3 0 so that the power use should be increased, or varied so little 

(below a lower threshold) that power use can be further cut 



-13- 



back. If a sufficient number of PVT solutions have been 
provided to make a decision about power control (e.g. three 
solutions) , and the model mix is in a range indicating a change 
in power use, then in a next step 35 the power control module 
will initiate a partial duty cycle for selected components or 
amend an already instituted partial duty cycle to provide an 
even greater power-off fraction. The initial partial duty cycle 
is predetermined, and in later amending the partial duty cycle, 
the power control module follows a predetermined strategy, 
ideally taking into account the amount of variation in the model 
mix from one PVT solution to the next, as a gauge of the 
confidence that acceptable solutions can be provided in the 
power down interval (i.e. without pseudorange measurements 
during the power down interval) . As already mentioned, if the 
model mix varies only a little (so that a parameter measuring 
its variation is less than a predetermined minimum tolerance 
value) , the fraction of the duty cycle in which the power is off 
is increased, and conversely, if the model mix varies 
substantially (so that a parameter measuring its variation is 
more than a predetermined maximum tolerance value) . 

Still referring to Fig. 3, in a next, decision step 36, the 
GPS receiver determines whether or not it is time, according to 
the duty cycle, to perform another pseudorange measurement. If 
so, then in a next, decision step 37, the GPS receiver 
determines whether any of the satellite signals are now lost. 
If so, then in a next step 3 8 the GPS receiver attempts to 
reacquire the signals using the last PVT solution to provide 
estimates for carrier frequency and code phase. Finally, and 
regardless of whether any GPS signal has been lost, in a last 
step 3 9 the GPS receiver performs another pseudorange 
measurement (i.e. the RF front end 11 and the baseband processor 
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14 are activated to perform another determination of pseudorange 
information) . 

In practicing the invention, it is useful to view a partial 
duty cycle as scalable. In other words, a partial duty cycle 
5 indicating the fraction of time the GPS receiver is in operation 

(in that it is providing PVT solutions, i.e. solutions 
indicating the state of its motion) should be defined by 
defining a scale factor which is adjusted up or down to control 
the fraction of time selected components of the receiver (such 
10 as the RF front end 11 or the baseband processor 14) are powered 

off. Then based on monitoring the variation in the model mix 

Q 

p used by the MCU 15 as indicated according to a predetermined 
JJ* metric, the scaling factor is adjusted up or down. A metric for 
!** assigning a value to the change in the model mix could be e.g. 
15^f the average of the change value in the last three model mixes, 
s each change value is made prohibitively large if a different 
JjT; model is introduced than was used in the previous computation 
U and otherwise assigned a value equal to the difference between 
12 the two model mixes divided by the sum of the two model mixes. 

& 

2CT" The invention comprehends different ways of shutting down 

components of a GPS receiver to save power (without 
significantly degrading performance of the GPS receiver function 
because of continuing to provide user PVT solutions even during 
each shutdown period) . For example, the hardware used to 

25 provide any channels not being used to track satellites because 

of a poor local constellation (i.e. a constellation of 
satellites not providing strong signals from the number required 
for a PVT solution) can be powered-down, and then not powered 
back up until the local constellation improves. 

30 Another way to effectively power down some components of a 

GPS receiver to save power is to, instead of actually powering 
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down any components, run the GPS receiver hardware at a lower 
frequency (i.e. make pseudorange measurements less often). 

Yet another way to save power is to shut down the GPS 
receiver front end (the components used to acquire the GPS 
satellite signals) , and operate only the tracking loops (which 
allows fast reacquisition) (assuming the tracking loops are 
executed by the MCU 15, not in the baseband processor 14) . 
Knowing the current mix of the motion models, the outcome of the 
tracking loops can be predicted or estimated pretty accurately 
and the prediction can be used in the tracking loops as initial 
values, when needed. It does not matter whether the actual 
signals are lost, since it is possible to estimate the raw 
measurements for a while. The more accurate the prediction is, 
the longer the power-down period can be. 

The invention also comprehends varying the fraction of time 
any of the components of the GPS receiver are shut down, 
depending on how close the predicted user PVT is to the measured 
position. In other words, in the preferred embodiment and as 
indicated above in connection with Fig. 3, the invention also 
comprehends adapting the shut down period to the detected motion 
of the observer so that e.g. a motion not in good accord with 
the combination of models being used would prompt a shortening 
of the shut down period, and a motion in very good accord would 
prompt a lengthening of the shut down period. 

Of course operating a GPS receiver according to the 
invention does have some costs, including a slightly degraded 
positioning accuracy and a minor increase in the complexity of 
the interface of the MCU to the baseband processor. (Accuracy 
is degraded from optimum by only as much as allowed by the 
system. If required accuracy is 10m, and full operation 
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accuracy is 5m, then the accuracy can be allowed to degrade by 
5m to provide power saving.) 

Scope of the Invention 

It is to be understood that the above -described 
arrangements are only illustrative of the application of the 
principles of the present invention. Numerous other 
modifications and alternative arrangements may be devised by 
those skilled in the art without departing from the spirit and 
scope of the present invention, and the appended claims are 
intended to cover such modifications and arrangements. 
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